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We report the observation of Shubnikov-de Haas (SdH) oscillations in single crystals of the Rashba
spin-splitting compound BiTeI, from both longitudinal (Rxx(B)) and Hall (Rxy(B)) magnetoresistance.
Under magnetic field up to 65 T, we resolved unambiguously only one frequency F = 284.3 ± 1.3 T,
corresponding to a Fermi momentum kF = 0.093± 0.002 A˚−1. The amplitude of oscillations is strongly
suppressed by tilting magnetic field, suggesting a highly two-dimensional Fermi surface. Combining with
optical spectroscopy, we show that quantum oscillations may be consistent with a bulk conduction band
having a Rashba splitting momentum kR = 0.046± A˚−1.
PACS numbers: 74.25.Ha, 74.78.-w, 78.20.-e, 78.30.-j
The claim of a large Rashba spin-splitting of the bulk
electronic bands in BiTeI is based on a combination of
theoretical calculations and photoemission spectroscopy
(ARPES) [1]. Strong spin orbit interaction, originating
from the presence of Bi with its large atomic number, and
the absence of a center of inversion in the crystal struc-
ture give rise to a significant Rashba term in the Hamilto-
nian [2], HR = αR
(
eˆz × ~k
)
· ~S, where αR is the Rashba
parameter characterizing the strength of the effect, eˆz is
the direction along which the inversion symmetry is bro-
ken, ~k represents the momentum, and ~S is the spin of the
electrons. The significance of the αR parameter becomes
more clear if we look at the effect of the Rashba term
on the energy of a free electron system, which becomes
E± = ~2k2/(2m∗) ± |αR|k. The result is that electron
energies are split between those with spin up (+) and spin
down (-) in a plane perpendicular to eˆz , as sketched in the
upper inset of Fig. 1(a). The momentum and energy split-
ting both depend on the parameter αR.
The Rashba effect is of particular interest for the field
of spintronics, where one aims to manipulate the spin of
electrons for potential applications; moreover, a large value
of αR is very desirable. Values of αR ≈ 3 eVA˚ were
found for asymmetric Bi/Ag(111) interfaces [3, 4]. Re-
cently, Ref. 1 reported an even larger Rashba splitting,
αR = 3.8 eVA˚, in the bulk electronic bands of BiTeI.
Optical spectroscopy of this compound found indeed an
electronic excitation spectrum consistent with the split-
ting of the bulk conduction and valence bands [5] and
further photoemission study suggested the 3D nature of
these bands [6]. More recent ARPES reports however, in-
dicated the reconstruction of the band structure at the Te
(or I) terminated surface and the existence of surface elec-
tronic branches, possibly with even larger Rashba spin-
splitting [7, 8]. On the theoretical side, ab-initio calcu-
lations for BiTeX(X=Cl, Br, I) do claim the formation of
a surface 2D electron system distinct from the bulk states
that has a larger Rashba splitting [9].
Given that the fate of the surface states in BiTeI is still a
debated issue and noting the particular sensitivity of pho-
toemission experiments to the surface, we measured the in-
plane longitudinal magnetoresistance Rxx(B) and trans-
verse (Hall) resistance Rxy(B) in single crystals of BiTeI,
searching for Shubnikov-de Haas oscillations as an alter-
native route to investigate the Fermi surface. Furthermore,
we combine the results with optical reflectance data to un-
derstand better the origin of these oscillations.
Single crystals of BiTeI were grown by chemical va-
por transport and Bridgman method. Two samples were
initially screened and both revealed very similar quantum
oscillations. Then, a complete study was performed on
one sample with approximate dimensions 4×6×0.09 mm3.
Gold wires were attached using silver paint and the sam-
ple resistance was measured using a commercial resistance
bridge. The experiment was perfor.med in the SCM-2 facil-
ity at the National High Magnetic Field (NHMFL) in Talla-
hassee. The facility consists of a top loading 3He cryostat,
with sample in liquid and a base temperature of 0.3 K, and
an 18–20 Tesla superconducting magnet. Samples were
mounted on a rotating probe with an angular resolution bet-
ter than 1◦. Further magnetoresistance measurements up to
65 Tesla were also performed at the pulsed magnetic field
facility of the NHMFL, in Los Alamos. Optical reflectance
measurements were performed at the University of Florida.
The data for frequencies between 30 and 5000 cm−1 (4–
620 meV), at temperatures as low as 10 K, were obtained
using a helium flow cryostat mounted on a Bruker 113v
Fourier spectrometer. Higher frequency reflectance, up to
ω ≈ 30000 cm−1 was measured at room temperature with
a Zeiss microscope photometer and used to extrapolate the
10 K data for Kramers-Kronig analysis.
The main panel of Fig. 1(a) shows the high magnetic
field data for Rxx at 0.3 K plotted against inverse field,
obtained from the measurements in DC magnetic field up
to 18 T. A small modulation, periodic in 1/B can be di-
rectly observed in the figure. Oscillations are also resolved
in the transverse resistance Rxy, as can be seen from the
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2lower inset of Fig. 1(a), where dRxy/dB(B) is plotted.
However, as shown in the main panel of Fig. 1(b), the os-
cillatory behavior emerges undoubtedly in the magneto-
resistance data above 25 T and their amplitude increases
with magnetic field up to 65 T. Fourier transform (FFT) of
these data yields a single frequency of oscillations, with the
value F = 284.3± 1.3 Tesla, for the field applied normal
to the sample surface. In the lower inset of Fig. 1(b), we
compare the FFT frequencies obtained from DC and pulsed
magnet filed, respectively; nearly perfect agreement can be
observed.
This oscillation frequency is directly proportional to the
area of the Fermi surface SF = 2pieF/~ and further-
more to the Fermi momentum, for which we obtain kF =
(SF/pi)
1/2
= 0.093 ± 0.002 A˚−1. Notably, this value of
kF is comparable to that from some of the outer Fermi sur-
faces observed in photoemission experiments; it is nearly
identical to the results from Ref. 1 and 6, which assign it to
a bulk conduction branch and agrees within 50% with the
values from Ref. 8, but for electronic bands assigned to the
surface. Moreover, it also agrees within better than 50%
with the value of kF for the surface states near the bottom
of the conduction band, obtained from band structure cal-
culations [9].
Most importantly, this value of the Fermi momentum al-
lows us to make an important observation about the mag-
nitude of the Rashba splitting in BiTeI. When the chemical
potential is situated above the Dirac cone, Rashba split-
ting of a conduction band should give rise to two Fermi
surfaces, one associated with the outer and another with
the inner branches, respectively, as is sketched in the upper
inset of Fig. 1(a). Therefore, two oscillation frequencies
may be observed in SdH effect. On the other hand, if the
chemical potential lies below the Dirac cone, one would
expect a single, double degenerate frequency, correspond-
ing to a momentum kF ≤ kR, where kR is the Rashba
momentum as shown in the upper inset of Fig. 1(a). Most
of the previously cited ARPES and theoretical studies seem
to agree that in BiTeI, kR ≈ 0.05 A˚−1. This value is about
half of that obtained in our SdH study, clearly indicating
that in our sample, the Fermi momentum is not situated be-
low, but rather at the Dirac cone or slightly above, where
the momentum associated with the outer Fermi surface be-
comes kF ≥ 2× kR. To further narrow the position of the
chemical potential, we searched for possible hint of a low
frequency oscillation, originating from the inner branch. In
the upper inset of Fig. 1(b) we show the sample magneto-
resistance obtained, both in DC and in pulsed magnetic
field, after subtracting a continuous background consisting
of a linear and a quadratic term. There is indeed a hint
of another modulation periodic with 1/B, but with such a
large period (low frequency), that only about half of a pe-
riod can be resolved, even in a magnetic field as high as 65
T. It is also possible that the carrier density of this branch is
so low that the quantum limit is reached at very low mag-
netic field. If we assign the peak and the dip marked with
arrows in Fig. 1(b) to half of a period, than the frequency
would be no larger than 3T, which in turn, would place
the Fermi energy in our sample less than 2 meV above the
Dirac cone. Therefore, given that SdH effect is a robust
measurement, we believe that we can estimate within about
1% the Rashba momentum as kR = 0.046± 0.0005 A˚−1.
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FIG. 1. (Color online) (a) Main panel: Longitudinal resistance
Rxx vs. 1/B at T = 0.3 K for the magnetic field applied nor-
mal to sample surface. Upper inset: 1D representation of a
Rashba spin-split conduction band showing the momentum (kR)
and the energy (ER) splits. Lower inset: The field derivative of
Rxy(B), showing the presence of SdH oscillations at high mag-
netic field. The large noise between 1 and 3 T is due to mag-
netic flux jumps in the superconducting magnet. (b) Main panel:
Magneto-resistance of BiTeI measured in pulsed magnetic field
applied perpendicular to sample surface, at T = 4 K. Upper inset:
Magneto-resistance obtained from two different measurements,
in pulsed and DC magnetic field (multiplied by a factor of 20
for clarity), after subtracting a linear and quadratic background.
Lower inset: FFT of SdH oscillations from pulsed (dashed line)
and DC magnetic field (continuous line), respectively, scaled in
amplitude for clarity.
The angular dependence of the SdH oscillations provides
a valuable insight into the dimensionality of the Fermi sur-
face. For a 3D Fermi surface, electron orbits will be closed
for any orientation of the magnetic field, and thus oscilla-
tions should, in principle, be observed for any angle be-
3tween the magnetic field and sample surface. A quasi-2D
Fermi surface (e.g., a cylinder) would show oscillations up
to relatively large angles, provided that their frequency can
be measured with the highest available magnetic field. In
contrast, a strictly 2D layer backed by a conducting bulk
may loose orbital coherence at small angles if a tilted field
drives carriers into the bulk.
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FIG. 2. (Color online) Main panel: Rxx(B) above 10 T for dif-
ferent angles between the magnetic field and the sample surface.
Upper inset: ∆Rxx vs. the magnetic field component along the
normal to sample surface and a sketch of the sample in tilted mag-
netic field. Lower inset: Angle dependence of the oscillation fre-
quency (symbols) and fit to 1/ cos(θ) (dashed line).
The main panel of Fig. 2 shows the high magnetic field
behavior (above 10 T) of Rxx for different angles θ be-
tween the field and the sample surface at T = 0.3K, as
sketched in the upper right inset. It can be visually ob-
served that the oscillations are rapidly suppressed with
increasing θ and that they are absent above θ ≈ 30◦.
The angular dependence of their frequency, shown in the
lower inset of Fig. 2, has a 1/ cos(θ) behavior, indicat-
ing a 2D character of the Fermi surface, whether it cor-
responds to bulk or surface electrons. In the upper inset
of Fig. 2, we display ∆Rxx, obtained after background
subtraction. First, we notice again the rapid decrease of
oscillation amplitude with the angle of the magnetic field.
Although not shown here, we measured up to θ > 90◦, ro-
tating the sample both directions with respect to the mag-
netic field and we confirm that oscillations only exists for
|θ| ≤ 30◦. Second, we see that their period scales re-
markably well with the component of magnetic field per-
pendicular to the sample surface (1/B · cos(θ)). These
behavior of SdH oscillations with angle is similar to that
obtained from surface carriers of 2D structures [10] and
of some of the topological insulators [11], supporting the
possibility of surface charge accumulation in BiTeI. On
the other hand, BiTeI is a layered compound and a two-
dimensional behavior may be induced, particularly at such
low temperature, by stacking faults, similar to the obser-
vations in InSe compounds [12]. Further studies of c-axis
transport may shed light on this issue. Nevertheless, we
will show later that optical reflectance, which is dominated
by bulk properties, is in good agreement with the assump-
tion that our observed oscillations originates from the bulk.
Thus, from the SdH frequency, we calculate a 3D carrier
concentration as n3D = (1/3/pi2) (2eF/~)
3/2 and obtain
n3D = 2.7× 1019 cm−3.
To investigate further the carrier properties, we mea-
sured the temperature and magnetic-field dependence of
the quantum oscillations. Figure 3(a) shows the resistance
∆Rxx (after background subtraction) versus inverse field
at different temperatures. Oscillations are visible up to at
least 20 K, although significantly damped due to the ther-
mal broadening of the quantized Landau levels. The effect
of temperature is also evident if we look at the amplitude
of the Fourier transform shown in Fig. 3(b). This quan-
tity is expected to follow the Lifshitz-Kosevich temperature
dependence, γT/ sinh(γT ), with γ = 14.69m∗/m0B,
whereB is the magnetic field,m∗ is the effective mass, and
m0 the rest mass of the electron [15]. Figure 3(c) shows
that result of the fit to the above expression for the ampli-
tude at 1/B = 0.06 T−1. We repeated the analysis for
different values of 1/B and for the SdH oscillations from
the Hall resistance, and obtained m∗ = 0.19± 0.02m0.
At fixed temperature, the amplitude of the SdH oscil-
lations is enhanced at increased field (decreased 1/B) as
∆Rxx ∝ exp(−γTD) cos(2piF/B + pi), where γ is de-
fined above and TD is the Dingle temperature, TD =
~/ (2piτkB), related to the lifetime τ of the electrons [15].
In Fig. 3(a) we show the fit of the data at 0.3 K, where it
can be seen that both the amplitude and the phase are well
reproduced by only considering one frequency. We obtain
a Dingle temperature TD = 32±6 K, which in turn gives a
lifetime τ = 3.9±0.6×10−14 s, and an estimated mobility
µ = eτ/m∗ = 360± 60 cm2/(V·s).
We investigated further the electronic properties of BiTeI
by optical reflectance. The main panel of Fig. 4 shows
the optical reflectance spectrum R(ω) of the same sam-
ple at T = 10 K. The data are similar to a previous optical
study [5]: there are several features at low frequency asso-
ciated with lattice vibrations, a clear sharp plasma edge at
about 850 cm−1 (≈ 0.1 eV) and broad structure at higher
frequencies due to interband transitions. This reflectance
is dominated by the bulk carriers. If we were to assume
that the SdH oscillations originates from surface electrons,
then they would create an impedance mismatch due to a
surface impedance, which we estimated to R ≈ 1 kΩ.
A free-standing thin film with this impedance has a re-
flectance ofR = (Z0/R)2/(2+Z0/R)2 ≈ 0.02, where
Z0 = 377 Ω is the vacuum impedance [16]. However, we
see in Fig. 4 that at low frequencies R(ω) ≈ 0.96. Also,
a few Angstrom-thick layer with a surface impedance of
R ≈ 1 kΩ would only attenuate the incident light by
about 1% in the frequency range of our measurements.
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FIG. 3. (Color online) (a) ∆Rxx vs.1/B (with B above 10 T and
applied perpendicular to the sample surface) at temperatures from
0.3 to 20 K. . The dashed line is a fit of the data at 0.3 K to the
expression: exp(−γTD) cos(2piF/B+pi) as explained in the text.
(b) Fourier transform of the data from panel (a). (c) Amplitude
of the oscillations at 1/B = 0.06 T−1 for different temperatures,
normalized to the value at 0.3 K (symbols) and a fit (dot-dash
line) to the temperature-dependent damping term γT/ sinh(γT ),
as explained in the text.
Simulations show that for a conducting bulk (as we find)
the addition of a monolayer-thick conducting surface layer
changes the reflectance by less than 0.5%. Therefore, most
of the light probes the bulk.
Analysis of optical reflectance [17] may use either
Kramers-Kroning transformation or fits to a model such as
the Drude-Lorentz model in order to estimate other opti-
cal quantities, such as the optical conductivity σ(ω). Here
we have fit R(ω) with the Drude-Lorentz model and the
result is shown in Fig. 4 as the dash-dot line. The corre-
sponding Drude contribution to the conductivity σ1(ω) =
σb/(1+ω
2τ 2b ) is shown in the inset. (The Kramers-Kronig-
derived conductivity is very similar.) The lattice vibrations
and interband transitions seen in Fig. 4 will be discussed in
a separate work, here we focus on the free-carrier contri-
bution to σ1(ω). From the fit we obtain the scattering rate
1/τb = 118±5 cm−1 (τb ≈ 4.5×10−14 s), the plasma fre-
quency ωp = 3030 cm−1 (≈ 6 × 1014 rad/s) and, hence,
the bulk conductivity σb = 1300 ± 80 Ω−1cm−1. The
scattering rate for the bulk carriers, obtained from optical
measurements agrees well with that obtained from Din-
gle temperature. Furthermore, if we assume an effective
mass of ≈ 0.19m0, determined above, then from plasma
frequency ω2p = nbe
2/(m∗b0), we calculate a bulk car-
rier concentration nb ≈ 2 × 1019 cm−3. This is also in
fair agreement with the value from the temperature depen-
dence of SdH oscillations, but it disagrees up to a factor
of two with the result from Hall measurements. We be-
lieve however that the Hall measurements are more prone
to errors, as the precise thickness where the current flows
is difficult to know precisely, particularly in our relatively
thick samples. Therefore, relying on quantum oscilla-
tions and optical reflectance, we may conclude that the
bulk carrier concentration, corresponding to the chemical
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FIG. 4. (Color online) Main panel: R(ω) at T = 10 K (con-
tinuous red line) and a Drude-Lorentz fit (dashed dotted black
line). Inset: Real part of optical conductivity obtained from the
Lorentz-Drude fit, from which the bulk DC conductivity and the
scattering rate of the bulk carriers are obtained.
potential situated within 2 meV from the Dirac cone is
nb = (2.35± 0.35)× 1019 cm−3.
In conclusion, we measured Shubnikov-de Haas oscil-
lations in the Rashba spin-splitting compound BiTeI. Un-
der magnetic field as high as 65 T, we resolved unambigu-
ously only one oscillation frequency and we showed that
this is however consistent with a Rashba split conduction
band, when the chemical potential is situated almost at the
Dirac cone. We confirmed that the splitting momentum is
kR = 0.046±0.0005 A˚−1. Although the quantum oscilla-
tions has a strongly two-dimensional character, optical re-
flectance, which probes mostly the bulk, suggests that their
origin is likely from the bulk carriers.
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